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Abstract.  The high-throughput search paradigm adopted by the newly established caloric materials 
consortium – CaloriCool® – with the goal to substantially accelerate discovery and design of novel 
caloric materials is briefly discussed. We begin with describing material selection criteria based on 
known properties, which are then followed by heuristic fast estimates, ab-initio calculations and 
measurements, all of which has been implemented in a set of automated computational tools.  We also 
demonstrate how theoretical and computational methods serve as a guide for experimental efforts by 
considering a representative example from the field of magnetocaloric materials
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1. Introduction 
Our modern society is highly dependent on reliable refrigeration and air conditioning.  Without 
it, the food supply would still be seasonal and limited to locally-produced, non-perishable items; 
comfortable living and working conditions would be impossible in many places causing over-
population in areas with moderate climates; and certain medical advancements, e.g., organ 
transplantation, organ and tissue cryo-storage, and cryo-surgery would be impossible.  It is 
startling that the technology that displaced iceboxes and became commonplace nearly 100 years 
ago [1] – vapor-compression refrigeration – remains essentially unchanged ever since. 
Over the years, conventional refrigeration systems have been refined to the point that further 
improvements in their efficiencies may only be incremental. Yet residential and commercial 
cooling still consumes one out of every five (or more) kilowatt-hours of electricity generated in 
the United States.  The shares of generated energy spent on cooling by many countries 
throughout the developed world are similar to the United States.  Importantly, developing 
countries are catching up and, according to recent estimates, an additional 1.6 billion air 
conditioning units worldwide are expected to be in service by 2050 [2].  The business-as-usual 
stance is not an option, and a transition toward fundamentally new ways to quench the ever-
growing global thirst for the conveniences associated with availability of affordable cooling and 
refrigeration in a safe and sustainable fashion is needed [3]. 
Caloric materials encompass solids that respond thermally to magnetic, electric, pressure and/or 
stress field changes.  Near-room-temperature cooling and heat pumping based on reversible 
thermal (a.k.a. caloric) effects in solids holds great promise as a game changer [3]. Though 
numerous system-level studies have predicted as much as 30% higher efficiency and lower 
environmental impact for caloric-based refrigerators [4, 5] compared to the conventional vapor-
compression systems, solid-state calorics has not yet lived to its promise primarily because 
manufacturable high-performance materials that exhibit strong caloric effects in driving fields 
and that may be created economically are lacking. Notably, a 20 to 30% energy savings is nearly 
equivalent to the current yearly oil imports to the United States [6]. 
Taken separately or together, magneto-, electro-, baro- and elasto-caloric phenomena are the 
foundation of transformative solid-state cooling and heat pumping technologies that have the 
potential to realize substantial energy savings in addition to real environmental benefits [7] upon 
global deployment by industry (heating, ventilation, air conditioning, refrigeration, and gas 
liquefaction), and adoption by consumers. 
2. The Materials Challenge 
Like the Peltier effect in thermoelectric devices, caloric effects underpin the efficiency of caloric 
solid-state cooling systems.  In both cases, system-based coefficients of performance scale 
proportionally to the magnitude of the underlying thermal phenomenon.  Mirroring the materials 
selection for thermoelectric applications, the pool of functional caloric materials available to 
original equipment manufacturers (OEMs) is severely limited.  Only three materials are currently 
available for integration into (so far laboratory scale-only [8]) magnetocaloric devices operating 
at room temperature.  These are elemental Gd and its alloys with other rare earths like Y [9-11], 
intermetallic hydrides La(Fe1-x-yMnxSiy)13Hz [12-15] and phosphides based on MnFe(Si,P) [16]. 
Nitinol (NiTi), a well-known shape-memory alloy, is basically the only material system available 
for elastocaloric (a.k.a. thermoelastic or mechanocaloric) systems [17, 18]. And there are 
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BaTiO3-based multilayer capacitors [19, 20] for electrocaloric devices.  Although successful 
laboratory prototypes have been demonstrated [12, 17-21], low cooling powers at full 
temperature spans and high costs, both of which are materials-limited, preclude the much-
anticipated transition from the vapor-compression-based present to a far more energy-efficient 
and environmentally-friendly caloric cooling and heat pumping future. 
Consider the most broadly researched family of caloric compounds – magnetocaloric – as an 
example.  Twenty or so years of rapidly rising interest in this class of materials (Fig. 1) have 
resulted in dozens of unique materials systems and hundreds of known and new chemistries for 
which at least some of the magnetocaloric properties near room temperature have been reported 
[23-28]. 
Among the hundreds reported compounds that exhibit the “giant” magnetocaloric effect [29] 
have been identified as the most promising, and the phenomenon itself has been confirmed in a 
number of intermetallics [13, 29-37].  Many of the known materials exhibiting the strongest giant 
magnetocaloric effect, however, contain elements that are precious (e.g., Rh), expensive (e.g., 
Ge, In), toxic (e.g., As or P), or non-earth-abundant (e.g., Gd and Y), and they often require 
complex and lengthy synthesis and processing sequences to make them useful.  To be 
commercially viable, however, caloric materials must be inexpensive, non-toxic, and easily 
manufacturable, and their constituents reliably available on a large-scale. In other words, not all 
chemical elements are suitable for composing caloric materials that may succeed in practice.  
The price of any chemical element first and foremost depends on its abundance and ease of 
mining and manufacturing, and then fluctuates depending on the balance between supply and 
demand.  The abundances of chemical elements in the Earth’s crust are relatively well 
established [38-52].  Again, considering magnetocaloric materials as an example, it is critical 
that at least one of the constituents carries a sizable magnetic moment, which requires presence 
of unpaired 3d or 4f electrons.  As such, any of the potentially useful magnetocaloric solids must 
contain one or more of the 3d or 4f elements; yet, in reality, the constraints are stricter, limiting 
the choice to the triad of Mn, Fe, and Co.  Other earth-abundant, affordable elements must be 
included in the system for use as an efficient regenerator to allow for the judicious design of 
crystal structures and microstructures, and phase transformations that may support and sustain 
the required magnetocaloric effect.  In the past, most of the promising materials discoveries have 
been all but serendipitous, often made without regard for pathways toward applications.  Today it 
is clear that discovery and development of caloric materials must be streamlined to radically 
broaden the materials base for the emerging caloric cooling applications. 
Member of the United States Department of Energy (U.S. DOE) Energy Materials Network, the 
Caloric Materials Consortium – CaloriCool® – was established in 2016 [53]. The consortium’s 
mission is to address foundational challenges that include rapid discovery of advanced caloric 
materials, their processing to ensure performance and lifetime stability, rapid evaluation of 
material performance, regenerator design, scale-up and technology transfer, and preliminary, 
materials-based economic and environmental analyses.  The consortium ultimate goals are to 
accelerate discovery and development of caloric materials and, therefore, ensure adoption of 
caloric cooling and heat pumping technologies across a broad spectrum of applications in the 
near future, and to establish the consortium as the national resource and international authority in 
caloric materials.  Here we delineate the approach developed by the consortium, focusing on the 
discovery of novel caloric materials, which is indeed only the first step towards accomplishing 
our mission. 
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3. The Consortium Paradigm 
It is clearly impossible to devise a rigid and exact algorithm that guarantees a breakthrough in 
any one or in all classes of caloric materials, especially if one randomly establishes a deadline.  
Nonetheless, accelerated discovery of caloric materials can be put on a solid footing, keeping in 
mind both the consortium mission and its goals, as outlined below. 
3.1. The path to caloric materials discoveries 
Without a doubt, both accidental and intuition-driven discoveries are important and, throughout 
the history of science, many of them indeed resulted in transformational changes.  To name a 
few, William Roentgen’s (X-rays [54]) and Alexander Fleming’s (penicillin [55]) attention to 
details have forever changed solid-state science, including physics, chemistry and materials, and 
medicine.  But as demonstrated over the last two decades (Fig. 1) of broad, yet uncoordinated 
research dedicated to discovery and design of caloric materials, real progress may be 
excruciatingly slow. 
Within the consortium, we first establish consistent metrics to enable theoretical and 
experimental assessment of caloric behaviors.  We then rely on computations to project the 
electronic and thermodynamic properties of prospective compounds and inform experimental 
materials discovery and design efforts. To achieve predictive power in the shortest time, we 
further develop fast physics-based estimators of caloric behaviors to rapidly screen and down-
select promising systems. Finally, we experimentally assess the most promising systems by 
employing several characterization tools and provide data to the informatics database [56]. 
3.2. Mission-related constraints that restrict the high-throughput search 
Most of the known magnetocaloric and elastocaloric materials are represented by metallic alloys 
and intermetallic compounds.  A large body of knowledge related to magnetocaloric manganites 
[25] confirms an earlier assessment [57] that although some representatives of this extended 
oxide family exhibit substantial magnetic field-induced isothermal entropy changes, ∆ST, they 
suffer from intrinsically low isentropic (a.k.a. adiabatic) temperature changes, ∆TS, due to large 
molar lattice specific heat.  Natural rubber [58] and some polymers also exhibit measurable 
elastocaloric effect, but their utility for cooling remains to be seen.  Although electrocaloric 
materials are part of the consortium research, they are different in nature (necessarily represented 
by ferroelectric insulators) from the majority of magnetocaloric and elastocaloric compounds 
and, therefore, they are not considered in this paper.  Below we only focus on metallic materials 
including alloys and intermetallic compounds. 
The high-throughput search algorithm adopted by the consortium is illustrated in Fig. 2.  As the 
starting point, we use the periodic table of elements noting elemental abundances in the Earth’s 
crust (Fig. 3) above the Mohorovičić discontinuity [60], know phase diagrams [61], and 
crystallographic databases, such as the Inorganic Crystal Structure Database, ICSD [62].  We 
consider only non-toxic, non-volatile, and earth-abundant chemical elements as discussed in the 
next section.  For efficient caloric performance, a reversible diffusionless (martensitic) solid-
solid phase transformation should occur near the working temperature, T, of a material.  The 
transition must be sensitive to a driving field and it must result in a large ∆ST and a large ∆TS.  To 
avoid losses, a low enthalpy barrier for the phase transition and small hysteresis are both 
required. 
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3.3. Excluded chemical elements 
Commercial viability requires excluding all of the radioactive elements heavier than bismuth, 
including technetium and promethium. Next, we exclude toxic elements, including beryllium, 
phosphorus, arsenic, selenium, cadmium, tellurium, mercury, thallium, and lead.  Considering 
cost, we further exclude the metals that are precious (Ru, Rh, Pd, Os, Ir, Pt, and Au) and rare 
(e.g., Sc, Ge and Re).  As we are interested in stable metallic solids, we exclude all of the noble 
gasses, too.  Considering manufacturability, handling and safety, highly reactive (alkali and 
alkali-earth), volatile (S, Zn, Sb) and refractory metals are undesirable and, therefore are also 
excluded from consideration.  Safety and avoidance of gas phases further limits use of interstitial 
metal-hydrides, although interstitial metal-nitrides, -oxides, and -halides may be viable as metal-
nitrogen (-oxygen, -halogen) bonds may be rather strong in metals.  Critical materials generally 
contain less abundant elements (e.g., some rare earths and a few others [63]) that are at present 
practically irreplaceable.  Well-known examples include Nd and Dy as components of high-
energy product permanent magnets, or Li as a main component of Li-ion batteries.  Price of the 
critical elements may unpredictably increase due to the growing demand and limited supply, and 
viable caloric materials should not become critical in the future.  All things considered, we are 
left with less than 25 chemical elements available to choose from. These elements, most useful 
for magneto- and elastocaloric applications, are shown in Fig. 3. 
3.4. Very fast estimates of materials properties 
In general, any chemical composition can be represented as a Z-dimensional vector in real space.  
Here, the dimension of the vector (a positive integer) is the atomic number Z of the heaviest 
chemical element, and the values (positive real values) are the concentrations c(Z).  For example, 
an 83-dimensional vector containing 83 real values is sufficient to describe chemical 
composition of any material that may contain any of the elements from 1H to 83Bi, while a vector 
of dimension 27 = 128 hosts all known chemical elements. 
We represent concentration, cZ, of the element with atomic number Z as its molar fraction in a 
material. For example, LiH is then represented as a vector c = (0.5, 0.0, 0.5, 0.0, ..., 0.0), where 
the only non-zero elements of the vector are c1 = ½ = c3.  Because the sum of all molar fractions 
is always one, the following constraint is imposed: 
   ∑ ܿ௓ ൌ 1௓         (1) 
Quite often a certain property P of a material X can be related to the properties of its constituents: 
   ܲሺܺሻ ൎ ∑ ௓ܲ௓ ܿ௓(X) + …      (2) 
The additional terms contain interactions of the constituents; they are ignored in a first estimate. 
Composition itself is a property.  By definition, a phase transformation may be diffusionless (or 
martensitic), only if both phases have the same composition. We compare compositions of 
different phases to quickly reject all of diffusional phase transformations. 
Another example is an estimate of the price. Indeed, the price of a material is a sum of the costs 
of its components, plus manufacturing, transportation, handling and storage, manufacturer’s 
markup and profit.  Hence, the price of a material is always larger (and can be much larger) than 
the sum of the prices of the constituting elements.  If the cost of constituting elements is already 
too high, the material will always be too expensive, no matter how easy and inexpensive may be 
the rest.  Hence, the sum of the prices of elements can be used as the lowest bound of the price of 
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a material. We use this inequality for the initial fast screening (see next section). 
For magnetocaloric materials, the upper limit of magnetization of a ferromagnetic (FM) phase is 
estimated using atomic magnetic moments calculated from the number of the unpaired electrons, 
n, see Table 1.  After a system passes initial fast screening (section 3.5), it then may be subject of 
a more detailed evaluation using the electronic-structure methods (section 3.6), followed by 
experimental assessment. 
3.5. Initial fast screening 
We use a set of automated computational tools for the initial fast screening of materials (Fig. 2).  
Using known phase diagrams and crystal structures [61, 62], we quickly select phase 
transformations within a promising range of temperatures T, and look at the published or 
projected properties of the involved phases.  Both known and estimated properties (see Eq. 2) are 
considered one at a time. If any property happens to fall outside of the window, where we 
reasonably expect that it could be adjusted towards the target value, then we reject such material. 
3.6. Calculations of physical properties 
The outcome of the initial fast screening is a set of pairs of crystal structures with the same 
composition.  Some of their properties are published in the literature.  However, not all of the 
published data are necessarily correct, and therefore, if the published data are suspect they should 
be further scrutinized or independently verified.  Other properties that are required but are 
unknown should be either calculated or measured. 
In section 3.4 we mentioned such properties as composition and cost.  In section 3.3 we 
described exclusions based on chemistries.  During the initial fast screening (section 3.5) we 
already rejected all diffusional phase transformations, as well as those that involve gaseous (e.g., 
H2) or toxic elements (e.g., Hg).  Now we proceed to consider mechanical, electronic, 
thermodynamic, kinetic, and other physical properties of solids. 
In our approach, theory guides experiment.  Indeed, calculations are often faster and less 
expensive than experimental work that involves sample preparations and measurements. Hence, 
we calculate properties and use a secondary screening before proceeding to experiments. 
Metallic solids can be approximated by ions occupying defined locations in three-dimensional 
space, and localized and itinerant electrons which interact electromagnetically.  Most of their 
physical properties are defined by the electronic structure.  Hence, we use the electronic-
structure methods based on the density functional theory (DFT) [65, 66].  We couple DFT with 
multi-scale and thermodynamic methods.  The electronic-structure calculations directly provide 
such properties as the electronic density of states (DOS) and the total energy, which can help 
assess some thermodynamic properties.   The energy difference is used in the estimate [67, 68] of 
the phase transition temperature TC; we also use this estimate for trends or adjustment of TC.  
Electronic DOS at the Fermi energy is used in the estimates of the electronic entropy, as well as 
electronic and thermal conductivity.  The spin-polarized DFT calculations provide magnetization 
with precision, comparable to experiment. 
Using linear-response methods, we find pressure, stress, and atomic forces.  They are used within 
the ab initio molecular dynamics (MD) to relax an atomic structure (taken from databases [56, 
61, 62]) to a local equilibrium.  Such relaxation provides the equilibrium lattice constants and 
gravimetric densities.  Next, dependence of the total energy on the lattice constants provides the 
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bulk modulus, elastic constants, and thermal expansion coefficients [69].  Phonon calculations 
[70-73] rely on the atomic forces caused by displaced atoms and provide vibrational and 
thermodynamic properties, such as the phonon DOS and the lattice entropy vs T.  The nudged-
elastic band methods [74-80] combined with DFT are used to find the enthalpy barrier, related to 
the hysteresis width of a phase transformation. 
After validation, the calculated and measured properties can be inserted in our informatics 
database [56].  We use heuristic methods to predict properties of new materials from known 
properties of the old ones.  To improve predictive power of such methods, it is important to 
provide feedback for all considered materials, not only those with a large caloric effect because 
the actively learning artificial intelligence program needs examples of both good and poor 
caloric materials for making trustworthy heuristic predictions.  Otherwise, if all known materials 
were good, then the artificial intelligence program may learn that all materials are good without 
exceptions, and its misguided predictions would be useless. 
3.7. Decision making 
The secondary screening is more thorough than the initial one described in section 3.5.  It 
considers multiple properties and involves a fair amount of decision-making.  Computer 
programs make some decisions, but human experts make the final ones (the go/no-go decisions). 
At this stage, multiple properties are projected.  For each property there are 3 possible cases: (1) 
a property is inside the target window; (2) there is hope that after adjustment of composition a 
property can be moved toward the target; and (3) a property is so far from the target that any 
reasonable adjustments will either not help or render the compound unstable. 
If all considered properties look good, then we proceed with experiments.  If experimental results 
confirm theoretical projections and result in satisfactory measured performance, then the 
consortium follows the “CID” path: complete characterization, intellectual property (IP) 
protection filing, and dissemination. 
Quite often we find that some of the properties need to be adjusted.  In this case, we consider a 
new (adjusted) composition, calculate properties and trends, and proceed through decision tree 
towards new experiments. 
If we find that a material is inferior to other known materials, then we reject it.  If calculations 
and measurements lead to sufficient or interesting new physics, the consortium proceeds with 
publication without securing IP protection.  Otherwise, a quickly rejected material is no longer 
considered, while the projected or/and measured properties are preserved in the informatics 
database that is needed for improved heuristic predictions, see section 3.6. 
3.8. Managing hysteresis 
Hysteresis can be managed by ensuring phases that co-exist during a martensitic-like 
transformation are structurally and geometrically compatible [81].  This has been demonstrated 
by proper selection of alloying additions [81] in shape-memory alloys, but may be difficult to 
employ in the realm of materials exhibiting giant magnetocaloric effects, where coupled 
magneto-structural (magneto-elastic) transitions can be extremely sensitive to minor changes in 
chemistry [82]. 
A promising path forward is multicalorics that takes advantage of the responsiveness of spin and 
crystallographic sublattices to both magnetic and stress (pressure) fields [34, 37, 83 - 86].  As 
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illustrated in Fig. 4a for single-crystal Gd5Si2Ge2 [87], both FM-to-PM and PM-to-FM magneto-
elastic phase transformation is temperature (T), magnetic field (H), and pressure-dependent.  If 
only H is employed to trigger both the transformation and magnetocaloric effect, this limits the 
number of degrees of freedom to only two, and a material operates within a two-dimensional H-T 
plane.  In such a case the temperature window in which the material is useful, i.e., it exhibits 
reversible magnetocaloric effect, may become severely limited due to hysteresis.  For example, if 
the maximum available H is 15 kOe (see the isofield dash-dotted line in H-T plane of Fig. 4a), 
the reversible magnetocaloric effect in Gd5Si2Ge2 can only be realized between ~265 and ~270 K 
as marked by isothermal dashed lines, rather than ~260 to ~270 K without hysteresis, assuming 
that the PMFM boundary represents a non-hysteretic PMFM transformation. 
Adding a third degree of freedom – hydrostatic pressure, p – changes the Gd5Si2Ge2 picture 
dramatically by tapping the much less restrictive H-p-T three-dimensional space, see Fig. 4a with 
isofield dash-dotted lines delineating a planar cross-section of H-p-T diagram.  Not only is the 
window of usability of the compound extended from ~5 K to ~25 K with the introduction of a 
modest ~4 kbar hydrostatic pressure, but, in addition, magnetic hysteresis-related irreversibility 
at any given temperature can be bypassed.  In Fig. 4b, where smaller ranges of H, p, and T are 
shown for clarity, this is achieved by synchronized application and removal of H and p.  Starting 
from the initial state (marked by a yellow circle in Fig. 4b located between the PM to FM and 
FM to PM planes that, respectively, delineate the corresponding forward and reverse phase 
transitions in the presence of hysteresis), a giant ST < 0 is observed as the materials crosses the 
PMFM (forward) transition boundary upon isothermal-isobaric application of H. The 
magnetocaloric effect is irreversible upon returning the magnetic field to its initial value because, 
to observe the giant ST, the material must be pushed on the other side of the reverse FMPM 
transition boundary.  The reversibility is, however, easily achieved by reducing and then 
increasing p at constant H and T to first realize the reverse giant ST > 0, and then return the 
material to its initial state, respectively.  This four-step sequence is further illustrated by the red 
and blue arrows marked H, H, p, and p that have been moved out and to the right in Fig. 4b.  
In practice, there is no need to change H and p in separate steps – they can also be altered in 
concert.  Note that using two fields does not eliminate energy losses related to hysteresis, as they 
are simply circumvented with additional input of work. 
Ideally, then, a coupled, multicaloric material permits control of operational temperature range 
and caloric response beyond using chemistry, where often line-compounds cannot be modified.  
The materials-design space has enlarged, offering more control for caloric response.  
4. Example 
As an example, consider a family of “1:6:6” systems.  Published literature [88, 89] indicates that 
ZrMn6Sn6 undergoes an antiferromagnetic (AFM) phase transformation at 580 ± 5 K, while its 
close relative, YbMn6Sn6,a is ferromagnetic (FM) at 300 ± 5 K.  This indicates a potential for 
instabilities and emergence of first-order phase transition(s) in this family of materials upon 
tuning the electronic structure and phase volume by chemical substitutions.  Available data 
include Curie (TC) and Neel (TN) temperatures, atomic structures and magnetic ordering in these 
two phases, and several other compounds that belong to this family.  Crystal structure of both the 
FM and AFM phases is that of HfFe6Ge6-type (space group P6/mmm).  As illustrated in Fig. 5, 
                                                        
a We note that YbMn6Sn6 itself is rejected due to the high cost and volatility of the rare-earth Ytterbium (Yb), see 
section 3.3. 
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spin density in ZrMn6Sn6 is localized around Mn in both hypothetical FM and real AFM states of 
the compound.  The low-temperature AFM structure exhibits a collinear easy-plane AFM (- - + 
+) stacking of FM (001) Mn planes along [001].  
During the initial fast screening we consider the magnetization of the FM phase. Assuming that 
magnetic moment of Mn in an intermetallic compound can be as high as 4 μB (Table 1) while 
those of the other atoms (Zr and Sn) are expected to be negligible, the projected magnetization is 
M(FM) ≈ 1.8 μB/atom, which is inside the target window of M > 1 μB/atom.  However, TC = 
580 K is too high and needs adjustment. 
DFT calculation predicts M(FM) ≈ 1.0 μB/atom (13.03 μB/f.u.), with the atomic moment of Mn 
of 2.2 μB, which is close to 2.11 and 2.18 μB/Mn reported in [89] for the helical magnetic 
structure of ZrMn6Sn6 at 2 K.  The moments of other atoms are small and antiparallel to that of 
Mn: M(Zr) = -0.46 and M(Sn) = -0.15 μB.  We note that the atomic magnetic moment of 3d 
metals and Mn is generally reduced with a decrease of the atomic volume, and the moment can 
collapse to zero in densely-packed phases, such as face-centered cubic (fcc) or hexagonal close-
packed (hcp).   
Electronic entropy, Se, is proportional to the electronic DOS at the Fermi energy, n(EF), and can 
be estimated using the Sommerfeld’s expansion: ܵ௘ ൎ ሺߨଶ/3ሻ݇஻ଶܶ݊ሺܧிሻ.  In ZrMn6Sn6, n(EF) 
changes from 2.7 in the AFM phase to 5.6 states/eV/f.u in the FM phase, see Fig. 6.  As 
expected, mixing of the elements with the same number of valence electrons (i.e., Zr with Hf or 
Ti) does not shift the Fermi energy EF, while changing the valence electron count does, and this 
method can be employed to engineer the electronic structure.  Other dopants (e.g., In or Sbb 
replacing Sn, or Cr or Fe replacing Mn) not only shift EF, but also add new electronic states, 
change relative energies, and alter the phase transition temperatures TC and TN.  
To adjust TC, we find DFT energies, E, of both FM and AFM phases (see Fig. 7).  We use ΔE = 
E(FM) – E(AFM) in a fast estimate of TC ≈ ΔE/kB [67].  Considering XMn6Sn6 with X = (Ti, Zr, 
Hf), we find that ΔE(c) slowly increases with c(Hf) in (Zr1-cHfc)Mn6Sn6, and more rapidly drops 
with c(Ti) in (Zr1-cTic)Mn6Sn6; in both cases the formation energies, E(c), of the FM and AFM 
phases [and their difference ΔE(c)] are approximately linear versus composition, but the slope of 
ΔE(c) for Ti and Hf dopants is not the same. Although Ti, Zr, and Hf have the same valence 
electron count, their atomic sizes differ (Ti is smaller); this affects the lattice constants, 
magnetization, and energies.   
We can replace atoms on more than one sublattice, thus further changing the composition c. In 
addition to reduction of TC by replacing Zr with Ti, one can also make use of other sublattices 
(Mn and Sn).  After the adjustments of composition, TC moves near the room T, but the material 
becomes partially disordered, which may be detrimental to magnetism as disorder can affect both 
the size of the magnetic moment and the strength of magnetic interactions.  Furthermore, not all 
substitutions can be made, which can also be estimated from energetics. If the E(c) curve is 
concave (see Fig. 8), then segregation is not expected, the solid solution will form and the mixed 
compounds pass the secondary screening as a potential candidate system for further evaluation.  
Considering Fig. 8, the mixing energy of the short-range-ordered ZrMn6(Sn1-xSbx)6 is negative 
over the whole range of concentrations, and magnetization of the FM phase nonlinearly but 
monotonically increases from 13 μB/f.u. in ZrMn6Sn6 to 18 μB/f.u. in ZrMn6Sb6, both of which 
                                                        
b Even though we generally exclude Sb because of its volatility, the element is included in this example for 
completeness with the goal to illustrate our approach. 
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are desired.  In spite of this, and considering relatively low magnetic moments of Mn and 
relatively low concentration of the moment-carrying species, after DFT-based evaluation and 
adjustment of its properties this system appears to be only a “may be” candidate. While a few 
relatively fast experiments may be warranted, substitutions of any of the three elements from the 
parent compound (Zr, Mn and Sn) by those that should preserve the original crystal structure is 
unlikely, hence a full-scale study of the effects is unwarranted. So, the team moved onto to a 
better prospect. 
5. Summary 
In summary, we have described our general approach to the high-throughput (theory-guided and 
experimentally validated) search for novel metallic caloric materials. Within the CaloriCool 
consortium, we first establish basic materials selection criteria and apply these criteria to the 
known properties, then augmented by heuristic fast estimates and ab-initio calculations to serve 
as guidance for experimental measurements. While we are just finalizing our first year, we have 
assessed over 1000 systems, mostly using DFT to restrict focus and down-selected about 10 
systems for experimental synthesis and characterization.  The adopted approach is believed to be 
suitable to substantially accelerate discovery of new classes of caloric materials, and therefore, 
should also ensure broad adoption of emerging caloric cooling technologies in the near future. 
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Table 1. For selected atoms and ions, the expected spin-only, ܯௌை ൌ ඥ݊ሺ݊ ൅ 2ሻ for 3d or ܯௌை ൌ
݃ඥܬሺܬ ൅ 1ሻ for 4f elements, magnetic moments (in Bohr magnetons, ߤ஻), compared to observed, 
ܯ௢௕௦ [64].  Here, n is the number of unpaired 3d electrons, J is the total angular momentum and 
g is gyromagnetic ratio for 4f elements. 
 
Z Atom or ion ܯௌை ܯ௢௕௦ Electronic configuration n or J 
22 Ti 2.83 1 [Ar]3d24s2 2 
 Ti3+ 1.73 1.6-1.7 [Ar]3d1 (ݐଶ௚ଵ ሻ 1 
23 V 3.88 2 [Ar]3d34s2 3 
 V3+ 2.83 2.7-2.9 [Ar]3d1 (ݐଶ௚ଶ ሻ 2 
24 Cr 4.90 3 [Ar]3d54s1 4 
 Cr3+ 3.88 3.7-3.9 [Ar]3d3 (ݐଶ௚ଷ ሻ 3 
 Cr2+ 4.90 4.7-4.9 [Ar]3d4 (ݐଶ௚ଷ ௚݁ଵሻ 4 
 Cr2+ 2.83 3.2-3.3 [Ar]3d4 (ݐଶ௚ସ ሻ 2 
25 Mn 5.92 4 [Ar]3d54s2 5 
 Mn2+ 5.92 5.6-6.1 [Ar]3d5 (ݐଶ௚ଷ ௚݁ଶሻ 5 
 Mn2+ 1.73 1.8-2.1 [Ar]3d5 (ݐଶ௚ହ ሻ 1 
26 Fe 4.90 2.2 [Ar]3d64s2 4 
 Fe2+ 4.90 5.1-5.7 [Ar]3d6 (ݐଶ௚ସ ௚݁ଶሻ 4 
 Fe5+ 3.88 3.6-3.7 [Ar]3d3 ( ௚݁ଶݐଶ௚ଵ ሻ 3 
27 Co 3.88 1.7 [Ar]3d74s2 3 
 Co3+ 0 0.0 [Ar]3d6 (ݐଶ௚଺ ሻ 0 
 Co2+ 3.88 4.3-5.2 [Ar]3d7 (ݐଶ௚ହ ௚݁ଶሻ 3 
 Co2+ 1.73 1.8 [Ar]3d7 (ݐଶ௚଺ ௚݁ଵሻ 1 
28 Ni 2.83 0.6 [Ar]3d8 (ݐଶ௚଼ሻ 2 
 Ni2+ 2.83 2.9-3.3 [Ar]3d8 (ݐଶ௚଺ ௚݁ଶሻ 2 
29 Cu 1.73 0 [Ar]3d94s2 1 
 Cu2+ 1.73 1.7-2.2 [Ar]3d9 (ݐଶ௚଺ ௚݁ଷሻ 1 
58 Ce3+ 2.54 0.6-2.5 [Xe]4f1 1 
60 Nd3+ 3.62 2.2-3.6 [Xe]4f3 3 
62 Sm3+ 0.85 0.1-1.7 [Xe]4f5 5 
64 Gd3+ 7.94 7.6-8.0 [Xe]4f7 7 
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Figure 1 (Color online).  Number of publications per year versus years for “magnetocaloric” 
(black), “electrocaloric” (red), “elastocaloric or mechanocaloric or barocaloric” (blue), 
“multicaloric or (magnetocaloric and elastocaloric) or (electrocaloric and elastocaloric)” labeled 
as ‘multicaloric+’ (plus), and “multicaloric” (green) subjects in the “Topic” found in the Web of 
Science [22] core collection during the searches performed on October 30, 2017.  The numbers 
for 2017 were projected to the end of 2017 using the average monthly publication rate during the 
first 10 months of 2017. 
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Figure 2 (Color online). Flowchart illustrating the consortium approach in searching for novel 
caloric materials. 
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Figure 3 (Color online). Periods 1 through 6 of the periodic table of the elements showing 
elemental abundances in the Earth’s crust [59].  Most preferred chemical elements for design of 
metallic magnetocaloric and elastocaloric materials are highlighted with boxes. 
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Figure 4 (Color online). Schematic H-p-T phase diagram of single-crystal Gd5Si2Ge2 constructed 
using pressure and magnetic field-dependent magnetization data of Ref. [87] (a), and an 
expanded view of the diagram from 275 to 295 K to visualize how hysteresis-linked 
irreversibility can be bypassed by cycling HT,p, followed by cycling pH,T.  The four steps of the 
isothermal baro-magnetic cycle are further illustrated in (b) on the right. Here, the red arrows 
illustrate the isobaric field change first up then down, which is followed by the isofield pressure 
changes down then up (blue arrows).  This cycle results in a giant ST < 0 during the H step and 
in a reverse ST > 0 during the p step.  The down arrows have been displaced along the 
temperature axis away from the up arrows for clarity. 
  
Page 15 of 24 AUTHOR SUBMITTED MANUSCRIPT - JPhysD-114419.R1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 Ac
ce
pte
d M
an
us
cri
pt
16 
 
 
 
 
 
Figure 5 (Color online). Atomic structure of ZrMn6Sn6 showing the ±0.004 e/Å3 iso-surfaces of 
spin density in 001 (top) and 110 (bottom) projections of FM (left) and AFM (middle) phases.  
Only a half of the unit cell of the AFM phase is shown in the middle, the second half being a 
mirror image of the first.  The whole AFM unit cell (right) is represented by the (++--) sequence 
of ferromagnetic (001) Mn planes along the c-axis.  Site magnetic moment orientation is 
depicted by using contrast colors: (spin-up) blue equatorial cross-section with yellow iso-surface, 
and (spin-down) red with light-blue. The higher spin density near Mn core is represented by 
brighter colors. 
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Figure 6 (Color online). Electronic spin density of states of the relaxed non-magnetic (NM), 
ferromagnetic (FM), and antiferromagnetic (AFM) phases in XMn6Sn6 with X = (Ti, Zr, Hf), 
compared to that of ZrMn6Sb6. 
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Figure 7 (Color online).  ΔE = E(FM) – E(AFM)  vs. X per 13-atom formula unit [f.u.] of the ordered 
structures: XMn6Sn6 with X = (Ti, Zr, Hf); ZrX6Mn6 with X = (Cr, Mn, Fe); and ZrMn6X6 with X = (In, 
Sn, Sb). 
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Figure 8 (Color online). Energies of ZrMn6(Sn1-xSbx)6 structures in the FM (crosses) and AFM 
(circles) phases relative to the AFM ZrMn6Sn6 and ZrMn6Sb6.  For each composition, multiple 
fully ordered structures have been constructed and their energies evaluated as represented by 
multiple symbols.  Solid black and dashed red lines connect the lowest-energy structures in the 
AFM and FM phases, respectively.    
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